We study the parameter space of the constrained exceptional supersymmetric standard model (cE 6 SSM) consistent with a Higgs signal near 125 GeV and the LHC searches for squarks, gluinos and Z . The cE 6 SSM parameter space consistent with correct electroweak symmetry breaking, is represented by scans in the (m 0 , M 1/2 ) plane for fixed Z mass and tan β, with squark, gluino and Higgs masses plotted as contours in this plane. We find that a 125 GeV Higgs mass only arises for a sufficiently large Z mass, mostly above current limits, and for particular regions of squark and gluino masses corresponding to multi-TeV squark masses, but with lighter gluinos typically within reach of the LHC 8 TeV or forthcoming 14 TeV runs. Successful dark matter relic abundance may be achieved over all the parameter space, assuming a bino-like LSP with a nearby heavier inert Higgsino doublet and decoupled inert singlinos, resulting in conventional gluino decay signatures.
Introduction
The ATLAS and CMS Collaborations have recently presented the first indication for a Higgs boson with a mass about 125 GeV, consistent with the allowed window of Higgs masses 125 ± 3 GeV [1, 2] . In general, these results have generated much excitement in the community, and already there are a number of papers discussing the implications of such a Higgs boson [3] . Many of these studies focus on the possibility that the Higgs boson arises from a Supersymmetric Standard Model (SSM). However there are several SSMs which are capable of giving rise to a SM-like Higgs boson and it is interesting to survey some leading possibilities.
In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter than about 130-135 GeV, depending on top squark parameters (see e.g. [4] and references therein). A 125 GeV SM-like Higgs boson is consistent with the MSSM in the decoupling limit. In the limit of decoupling the light Higgs mass is given by
where ∆m 2 h is dominated by loops of heavy top quarks and top squarks and tan β is the ratio of the vacuum expectation values (VEVs) of the two Higgs doublets introduced in the MSSM Higgs sector. At large tan β, we require ∆m h ≈ 85 GeV which means that a very substantial loop contribution, nearly as large as the tree-level mass, is needed to raise the Higgs boson mass to 125 GeV.
In the Next-to-Minimal Supersymmetric Standard Model (MSSM), the spectrum of the MSSM is extended by one singlet superfield [5, 6, 7] (for reviews see [8] ). In the NMSSM the supersymmetric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to the Higgs doublets, λSH u H d , that is perturbative up to unified scales. In the pure NMSSM values of λ ∼ 0.7 do not spoil the validity of perturbation theory up to the GUT scale only providing tan β 4, however the presence of additional extra matter allows smaller values of tan β to be achieved [9] . The maximum mass of the lightest Higgs boson in the NMSSM is
where here we use v = 174 GeV. For λv > M Z , the tree-level contributions to m h are maximized for moderate values of tan β rather than by large values of tan β as in the MSSM. For example, taking λ = 0.7 and tan β = 2, these tree-level contributions raise the Higgs boson mass to about 112 GeV, and ∆m h 55 GeV is required. This is to be compared to the MSSM requirement ∆m h 85 GeV. The difference between these two values (numerically about 30 GeV) is significant since ∆m h depends logarithmically on the stop masses as well as receiving an important contribution from stop mixing. This means for example, that, unlike the MSSM, in the case of the NMSSM maximal stop mixing is not required to get the Higgs heavy enough.
In the Exceptional Supersymmetric Standard Model (E 6 SSM) [10, 11] , the spectrum of the MSSM is extended to fill out three complete 27-dimensional representations of the gauge group E 6 which is broken at the unification scale down to the SM gauge group plus one additional gauged U (1) N symmetry at low energies under which right-handed neutrinos are neutral, allowing them to get large masses. Each 27-plet contains one generation of ordinary matter; singlet fields, S i ; up and down type Higgs doublets, H u,i
and H d,i ; charged ±1/3 coloured exotics D i ,D i . The extra matter ensures anomaly cancellation, however the model also contains two extra SU(2) doublets, H andH , which are required for gauge coupling unification [12] . To evade rapid proton decay either a Z 
where the extra contribution relative to the NMSSM value in Eq. (2) is due to the U (1) N D-term. The Higgs mass can be larger due to two separate reasons, firstly the value of λ may be larger due to the extra matter, and secondly due to the U (1) N D-term contribution equal to 1 2 M Z ( 3 8 M Z ) GeV for low (high) tan β. For example for large tan β, where the NMSSM term λ 2 v 2 sin 2 2β is unimportant, the E 6 SSM requires ∆m h ≈ 78 GeV as compared to ∆m h ≈ 85 GeV in the MSSM.
In a previous paper we considered a constrained version of the E 6 SSM with universal gaugino mass M 1/2 , soft scalar mass m 0 , and soft trilinear mass A at the unification scale M X [13] . Previous studies of the cE 6 SSM have focussed on regions of cE 6 SSM parameter space which could have led to a discovery with the first LHC data [14] via the characteristic LHC signatures of the model [15] . These "early" benchmark points are by now excluded by LHC searches for SUSY and Z bosons. The main purpose of the present paper is to consider the cE 6 SSM in the light of the Higgs signal near 125 GeV, taking into account the latest LHC constraints on squarks, gluinos and Z following the The layout of the rest of the paper is as follows. In section 2. we review the cE 6 SSM.
In section 3. we discuss existing LHC constraints arising from Higgs searches, sparticle searches, exotica searches and Z searches. In section 4. we show that successful dark matter relic abundance may be achieved over all the parameter space, assuming a bino-like LSP with a nearby heavier inert Higgsino doublet and decoupled inert singlinos, resulting in conventional gluino decay signatures. In section 5. we provide detailed scans of the parameter space the cE 6 SSM, presenting the results in the (m 0 , M 1/2 ) plane for fixed Z mass and tan β, with squark, gluino and Higgs masses plotted as contours in this plane.
We also present new heavy benchmarks for the model and discuss their phenomenology.
Section 6. concludes the paper.
cE 6 SSM
The E 6 SSM is a supersymmetric model based on the
gauge group which is a subgroup of E 6 . The extra U (1) N symmetry is the combination U (1) χ cos θ + U (1) ψ sin θ with θ = arctan √ 15. In order to ensure anomaly cancellation the particle content of the E 6 SSM is extended to include three complete fundamental 27 representations of E 6 . In addition the low energy particle spectrum of the E 6 SSM is supplemented by SU (2) W doublet H and anti-doublet H states from the extra 27 and 27 to preserve gauge coupling unification. These components of the E 6 fundamental representation originate from (5 * , 2) of 27 and (5, −2) of 27 by construction. The analysis performed in [12] shows that the unification of gauge couplings in the E 6 SSM can be achieved for any phenomenologically acceptable value of α 3 (M Z ) consistent with the measured low energy central value, unlike in the MSSM which, ignoring the effects of high energy threshold corrections, requires significantly higher values of α 3 (M Z ), well above the experimentally measured central value. Because supermultiplets H and H have opposite U (1) Y and U (1) N charges their contributions to the anomalies are cancelled identically.
Thus, in addition to a Z associated with the U (1) N symmetry, the E 6 SSM involves extra matter beyond the MSSM with the quantum numbers of three 5+5 * representations of SU (5) plus three SU (5) singlets with U (1) N charges. The matter content of the E 6 SSM with correctly normalized Abelian charges of all matter fields is summarised in Table 1 .
The presence of a Z boson and exotic quarks predicted by the E 6 SSM provides spectacular new physics signals at the LHC which were discussed in [10, 11, 13, 14, 15, 16] . Since right-handed neutrinos N c do not participate in gauge interactions they are expected to gain masses at some intermediate scale after the breakdown of E 6 [10, 17] while the remaining matter survives down to the low energy scale near which the gauge group U (1) N is broken. The heavy right-handed neutrinos shed light on the origin of the mass hierarchy in the lepton sector allowing them to be used for the see-saw mechanism.
Q u
At the same time the heavy Majorana right-handed neutrinos may decay into final states with lepton number L = ±1, thereby creating a lepton asymmetry in the early universe.
Since in the E 6 SSM the Yukawa couplings of the new exotic particles are not constrained by neutrino oscillation data, substantial values of the CP-asymmetries can be induced even for a relatively small mass of the lightest right-handed neutrino (M 1 ∼ 10 6 GeV)
so that successful thermal leptogenesis may be achieved without encountering a gravitino problem [18] .
Although the presence of TeV scale exotic matter in E 6 SSM gives rise to specatucular collider signatures, it also leads to non-diagonal flavour transitions and rapid proton decay. Initially the sector of EWSB in the E 6 SSM involves ten degrees of freedom. However four of them are massless Goldstone modes which are swallowed by the W ± , Z and Z gauge bosons that gain non-zero masses. If CP-invariance is preserved the other degrees of freedom form two charged, one CP-odd and three CP-even Higgs states. When the SUSY breaking scale is considerably larger than the EW scale, the mass matrix of the CPeven Higgs sector has a hierarchical structure and can be diagonalised using perturbation theory [7, 20] . In this case the mass of one CP-even Higgs particle is always close to the Z boson mass M Z . The masses of another CP-even, the CP-odd and the charged Higgs states are almost degenerate. When λ g 1 , the qualitative pattern of the Higgs spectrum is rather similar to the one which arises in the PQ symmetric NMSSM [7, 21] . In the considered limit the heaviest CP-even, CP-odd and charged states are almost degenerate and lie beyond the TeV range [10] . Finally, like in the MSSM and NMSSM, one of the CP-even Higgs bosons is always light irrespective of the SUSY breaking scale. However, in contrast with the MSSM, the lightest Higgs boson in the E 6 SSM can be heavier than 110 − 120 GeV even at tree level. In the two-loop approximation the lightest Higgs boson mass does not exceed 150 − 155 GeV [10] . In our analysis here we explore the part of the parameter space of the constrained E 6 SSM which is associated with the SM-like Higgs boson mass around 125 GeV.
Although Z H 2 eliminates problems related with baryon number violation and nondiagonal flavour transitions it also forbids all interactions that allow the lightest exotic quarks to decay. Since models with stable charged exotic particles are ruled out by experiment [22] the Z H 2 symmetry can only be approximate. The appropriate suppression of the proton decay rate can be achieved if one imposes either a Z L 2 or a Z B 2 discrete symmetry [10] . If the Lagrangian is invariant with respect to a Z L 2 symmetry, under which all superfields except lepton ones are even (Model I), then the terms in the superpotential which permit the lightest exotic quarks to decay and are allowed by the gauge symmetry can be written as follows
In this case the baryon number conservation requires exotic quarks to be diquarks. The invariance of the Lagrangian with respect to Z B 2 symmetry (Model II), under which supermultiples 
As a consequence, in Model II, D i and D i manifest themselves in the Yukawa interactions as leptoquarks. With both of these symmetries the MSSM particle content behaves like it does under R-parity, with the subset of particles present in the standard model and Higgs (and also inert Higgs) bosons being even under this generalised R-parity, while their supersymmetric partners are odd and therefore, as usual, must be pair produced, and upon decaying will always give rise to a stable lightest supersymmetric particle (LSP). However the exotic D-fermions are odd and so must be pair produced and will decay into an LSP, while their scalar superpartners are even and in some cases can be singly produced.
In both models discussed above the Z (cE 6 SSM) [13, 14] , defined at the GUT scale M X , where all gauge couplings coincide, i.e.
. Constrained SUSY models imply that all soft scalar masses are set to be equal to m 0 at some high energy scale M X , all gaugino masses
Thus the cE 6 SSM is characterised by the following set of Yukawa couplings and universal soft SUSY breaking terms,
where h t (M X ), h b (M X ) and h τ (M X ) are the usual t-quark, b-quark and τ -lepton Yukawa couplings, and λ i (M X ), κ i (M X ) are the extra Yukawa couplings defined in Eq. (7). Near the GUT scale M X the part of the scalar potential V sof t that contains a set of the soft SUSY breaking terms takes the form
where Y ijk are generic Yukawa couplings from the trilinear terms in Eq. (4) and the 27 i represent generic fields from Table 1 and in particular those which appear in Eq. (4).
Since Z H 2 and Z S 2 symmetries forbid many terms in the superpotential of the E 6 SSM it also forbids similar soft SUSY breaking terms in V sof t . In order to guarantee correct EWSB, m 2 0 has to be positive. To simplify our analysis we also assume that A 0 is real and M 1/2 is positive -this then naturally leads to real VEVs of the Higgs fields.
The set of cE 6 SSM parameters in Eq. (7) should in principle be supplemented by µ and the associated bilinear scalar coupling B . The term µ (H H ) is the only bilinear term in the superpotential Eq. (4). It is solely responsible for the masses of the charged and neutral components of H and H . The corresponding mass term is not suppressed by E 6 symmetry and is not involved in the process of EWSB. Therefore the parameter µ remains arbitrary. Recent analysis revealed that the gauge coupling unification in the E 6 SSM is consistent with µ around 100 TeV [12] . Therefore we assume that the parameter µ can be as large as 10 TeV so that the scalar and fermion components of the superfields H and H are very heavy. As a result they decouple from the rest of the particle spectrum and the parameters B and µ are irrelevant for our analysis. This also justifies why the Yukawa couplings h E 4j can be neglected in the first approximation if they are not too large. To calculate the particle spectrum within the cE 6 SSM one must find sets of parameters which are consistent with both the high scale universality constraints and the low scale EWSB constraints. To evolve between these two scales we use two-loop renormalisation group equations (RGEs) 
where Q is the renormalisation scale. The analytic expressions for the coefficients a i (Q),
, q i (Q) are unknown, since an exact analytic solution of the E 6 SSM RGEs is not available. Nevertheless these coefficients may be calculated numerically at the low energy scale. We use semi-analytic expressions Eq. (9) in our analysis to determine the sets of m 0 , M 1/2 and A 0 which are consistent with EWSB. This allows one to replace m 0 , M 1/2 and A 0 by v, tan β and s through the EWSB conditions, in a similar manner to the way |µ| and B are traded for tan β and v in the MSSM. This means that the particle spectrum and other phenomenological aspects of the model are defined by only eight free parameters, which in previous analyses have been taken to be {λ i , κ i , s, tan β} 7 and can be reduced further by considering scenarios with some Yukawa coupling universality or other well motivated relations between the Yukawa couplings at the GUT scale.
Although correct EWSB is not guaranteed in the cE 6 SSM, remarkably, there are always solutions with real A 0 , M 1/2 and m 0 for sufficiently large values of κ i , which drive m 2 S negative. This is easy to understand since the κ i couple the singlet to a large multiplicity of coloured fields, thereby efficiently driving its squared mass negative to trigger the breakdown of the gauge symmetry.
To calculate the particle spectrum within the cE 6 SSM a private spectrum generator has been written, based on some routines and the class structure of SOFTSUSY 2.0.5 [23] . The details of the procedure we followed, including the RGEs for the E 6 SSM and the experimental and theoretical constraints can be found in [13, 14] . To avoid any conflict with collider experiments as well as with recent cosmological observations we impose the set of constraints specified in the next section. These bounds restrict the allowed range of the parameter space in the cE 6 SSM.
LHC constraints 3.1 Higgs searches
At present, the situation in ATLAS on Higgs mass limits within the SM hypothesis is well summarised in [1] . Herein, a preliminary combination of SM Higgs boson searches was performed in a dataset corresponding to an integrated luminosity of 4.6 to 4.9 fb CL. An excess of events above the expected SM background is observed at the low end of the explored mass range making the observed limits weaker than expected in the absence of a signal. The largest excess, with a local significance of 3.1σ, is observed for a SM Higgs boson mass hypothesis of 124 GeV.
All our benchmarks presume the lightest Higgs boson mass in the tentative signal range of 124-126 GeV. Further, by making use of a modification of the programs described in Refs. [24, 25] , we have checked that the cross section times BR rates for the process pp → h 1 → X, where X represents the aforementioned channels in which ATLAS and CMS have shown sensitivity to a Higgs boson with such a mass, as obtained in the cE 6 SSM, differ by no more than 7 − 8% from those of the SM. In particular, notice that we have allowed in the case of the cE 6 SSM also for all possible non-SM states belonging to its spectrum that could enter the gg → h 1 loop diagram at production level and the h 1 → gg, γγ, Zγ loop diagrams at decay level. Masses of the SM states were the same in both calculations, while the relevant gauge couplings were different, as extracted from the corresponding RGEs of the two models. and M 1/2 will yield different squark and gluino masses in each model. This is further exacerbated by the arbitrary choice of parameters tan β, A 0 and the sign of µ, which will not, in general, correspond to the parameter choices for the cE 6 SSM. Fortunately, both CMS and ATLAS have also superimposed contours of squark and gluino masses on their exclusion plots. These contours tell us that for reasonably heavy squarks, above about 1.5 TeV, we must ensure that our gluinos are heavier than about 850 GeV or so.
Sparticle searches
The "about" and "or so" of the last sentence is a product of our second difficulty:
the squarks and gluinos must necessarily decay to lighter supersymmetric states in the spectrum, including the lightest supersymmetric particle (LSP). As already pointed out, the m 0 and M 1/2 used to determine the (cMSSM) experimental exclusions may predict a rather different spectrum for the cE 6 SSM scenario with analogous squark and gluino masses. Therefore the cE 6 SSM squarks and gluinos may have decay widths and branching ratios considerably different from those used for the experimental exclusion. It has been pointed out in [31] that supersymmetry with a compressed specturm, that is with smaller mass intervals between the particle states, may avoid experimental exclusions since the decays may contain less missing momentum.
Without a dedicated experimental analysis of the E 6 SSM we are unable to determine how the experimental limits on squarks and gluinos will be changed by these effects.
Consequently we will adopt a conservative approach and insist that our benchmark scenarios are considerably beyond these limits; namely that our first and second generation squarks are significantly heavier than 1.4 TeV and our gluinos are significantly heavier than 850 GeV.
Searches for the third generation squarks by ATLAS are less well developed and as, as yet, only available for the 2.1 fb −1 dataset. A search for bottom squarks in the MSSM, assuming a 100% branching ratio for the decayb 1 → bχ 0 1 , excludes bottom squark masses up to 390 GeV for neutralino masses below 60 GeV [32] . Top squark constraints are also rather weak, with an exclusion of top squark masses below 310 GeV as long as the neutralino is in the mass window 115−230 GeV [33] . This study assumed a GMSB model. CMS has also produced an exclusion in the plane of the gluino and LSP masses for a simplified model [30, 34] using the process pp →gg withg → bbχ (also see [35] ). For gluino masses below about 1 TeV, this analysis excludes a lightest neutralino lighter than about 440 GeV, with this limit reducing quickly for higher gluino masses, disappearing entirely by 1.06 TeV. However, this simplified model requires a rather specific spectrum, and it is not clear how applicable this is to our cE 6 SSM case.
One final analysis of note is an ATLAS search for direct neutralino and chargino production in a simplified model where the lightest chargino and next-to-lightest neutralino are degenerate [36] . Using 2.06 fb −1 of data, this study concluded that these degeneratẽ
are excluded up to 300 GeV for a lightest neutralino lighter than 250 GeV.
Exotica searches
The production of a TeV scale exotic colored states should also lead to spectacular LHC signals. Several experiments at LEP, HERA, Tevatron and LHC were searching for the colored objects that decay into either a pair of quarks or quark and lepton. But most searches imply that exotic color states, i.e leptoquarks or diquarks, have integer-spin. So they are either scalars or vectors. Because of this new colored objects can be coupled directly to either a pair of quarks or to quark and lepton. Moreover it is usually assumed that leptoquarks and diquarks have appreciable couplings to the quarks and leptons of the first generation. The most stringent constraints on the masses of leptoquarks come from the non-observation of these exotic color states at the ATLAS experiment. Recently ATLAS collaboration ruled out first and second generation scalar leptoquarks (i.e. leptoquarks that couple to the first and second generation fermions respectively) with masses below 320 − 420 GeV [37] . The experimental lower bounds on the masses of diquarks (dijet resonances) tend to be considerably higher (see, for example, [38] ).
However the LHC lower bounds on the masses of exotic colored states mentioned above are not directly applicable in the case of the E 6 SSM (also see [39] ). Indeed, our analysis of the particle spectrum within cE 6 SSM indicates thatD-scalars tend to be rather heavy.
On the other hand exotic D-fermions can have masses below the TeV scale. Assuming that they couple most strongly to the third family (s)quarks and (s)leptons, the lightest exotic D-fermions decay intotb, tb,tb,tb (if they are diquarks) ortτ , tτ ,bν τ , bν τ (if they are leptoquarks) resulting in the missing energy and transverse momentum in the final state. This is because these states are odd under the analogue of R-parity in the E 6 SSM.
Due to the presence of missing energy in the final states of the decays of D-fermions a special dedicated study is required to determine the experimental limits on their masses and couplings. However the limits quoted by ATLAS and CMS are for the specified Z couplings with the assumption that the decay into SM particles provides the only kinematically allowed decay channels. In [15] the impact of exotics decay width was studied and a considerable impact was found for two test case benchmarks. Based on the work in [43] we then used the branching ratios for those benchmarks (which reduced the branching into leptons, compared to ignoring exotic decays, by about a factor two) to rescale the cross section prediction and obtained an estimate of how the limit can changes when light exotics, if present, are taken into. For example if we assume a similar impact from exotics (i.e. a dilution of the leptonic branching ratio by a factor two) then the limit on the Z N mass could be reduced from 2.02 TeV to somewhere around 1.8 TeV, as can be seen from examining figure 6 of [42] .
Z searches
However one should note that not only is this a fairly simple estimate, and is also dependent on the details of the spectrum and the masses of the various exotic states.
However the first two generations of singlinos had a significant contribution to the width and light singlinos are always present, therefore the limit will always be significantly smaller than that quoted by assuming no available exotic decay channels.
The benchmarks and plots presented here all have a Z mass above 1.8 TeV and in all but one plot and benchmark (where M Z = 1.889 TeV) also above the quoted limit assuming no exotics and therefore clearly safe in this respect.
Dark Matter constraints
We now consider the question of cosmological cold dark matter (CDM) relic abundance due to the neutralino LSP. In the considered benchmark points we have a predominantly bino-like lightest neutralino with a mass |m χ 0 1 |. One might be concerned that such a bino might give too large a contribution to Ω CDM . Indeed a recent calculation of Ω CDM in the USSM [44] , which includes the effect of the MSSM states plus the extra Z and the active singlet S, together with their superpartners, indicates that for the benchmarks considered here that Ω CDM would be too large. However the USSM does not include the effect of the extra inert Higgs and Higgsinos that are present in the E 6 SSM, and so we need to discuss their effect on the relic density.
In our analysis we have considered the inert Higgsino masses given by µH(α) = λ α s/ √ 2.
We have not considered the mass of the inert singlinos. In general, these are generated by mixing with the Higgs and inert Higgsinos, and are thus of order f v 2 /s, where f are additional Yukawa couplings that we have not specified in our analysis. Since s v it is quite likely that the LSP neutralino in the cE 6 SSM will be an inert singlino with a mass lighter than 60 GeV. This would imply that the state χ 0 1 considered here is not cosmologically stable but would decay into lighter states consisting of admixtures of inert singlinos and inert higgsinos. Such states can annihilate via an s-channel Z-boson, due to their doublet component, yielding an acceptable CDM relic abundance, as has been recently been demonstrated in the E 6 SSM [45] . However, in such a scenario, the light-est inert neutralino states would have sizable couplings to the Higgs boson, leading to significant modifications of Higgs phenomenology, and a contribution to the direct detection cross-section to due Higgs exchange which conflicts with the XENON-100 limit in the region of parameter space where the correct relic abundance is achieved [46] . There are several ways out of this problem, as discussed in [47] . For example, the light inert states may have masses around the keV and GeV energy scale, evading the XENON-100 search limits, and leading to Warm Dark Matter [48] . Many of these possibilities lead to novel gluino decays into the extra lighter neutralinos and charginos, which can modify significantly the gluino search limits and strategies as discussed in [47] .
In this paper we shall consider the approach to CDM in the E 6 SSM proposed in [19] . The idea is to set the inert singlinoS 1,2 couplings f to zero so that they are exactly massless, with their couplings forbidden by a discrete symmetry. The massless S 1,2 singlinos will contribute to the effective number of neutrino species in the Early Universe giving N ef f ≈ 3.2, but will otherwise be unobservable, except in Z decays.
In particular they play no part in dark matter. Thus, the bino-like state with a mass |m χ 0 1 | will be cosmologically stable and will be a CDM candidate. In order to achieve the observed WMAP relic abundance, we shall tune the mass of the lightest inert Higgsino mass µH(1) = λ 1 s/ √ 2 to be just above the bino mass. The idea is that the bino upscatters into the nearby inert Higgsinos which subsequently efficiently annihilate via a Z boson into SM particles [19] . Note that the inert Higgsinos have full electroweak strength couplings to the Z boson. In practice the correct relic abundance can be achieved by tuning the inert Higgsinos to be about 10 GeV heavier than the bino [19] ,
In the parameter space scans discussed later we do not directly impose this condition, since we do not know the bino mass at the outset. However it is always possible to satisfy Eq. (10) by tuning λ 1 (M X ), the Yukawa coupling which fixes the lightest inert Higgsino mass. Additionally λ 2 (M X ) (Yukawa coupling for the heaviest inert Higgsino) can be tuned to compensate the impact on the RGEs such that the rest of the mass spectrum is unchanged. Therefore Eq. (10) can be satisfied for every point on all of the plots shown.
All benchmarks presented will also be required to satisfy this condition.
We emphasise that, in this scenario, the gluino decays will be just those of the MSSM with a bino-like LSP, so standard MSSM gluino searches and limits will also apply to the E 6 SSM.
Results

Exploration of the parameter space
The LHC limits coming from searches for a Z , squarks and gluinos and the Higgs restrict the parameter space of the model in complementary ways. Additionally the tentative signal Higgs signal between 124 -126 GeV, if confirmed and the mass precisely measured, would also substantially improve our knowledge of the cE 6 SSM parameters. One should also note that as described in [10, 11] studies based on the (unconstrained) E 6 SSM showed that the light Higgs can be substantially heavier in the E 6 SSM than in the MSSM so there is significant reason for optimism that this signal could be comfortably accommodated in this model.
To explore this further we carried out a number of scans over the parameter space.
In each scan we fixed s (and therefore the Z mass) so that the Z mass is above the experimental limit. For scenarios where the Z is below its mass limits, most of the parameters space would also have gluinos below the limit suggested by the LHC searches.
However the gluino limit still plays an important role in restricting the allowed parameter space for higher values of s. The allowed masses of the Higgs and the tentative signal seem to be more compatible with a heavier Z , and also provide information about the cE 6 SSM parameters even well above the limits from gluinos/squarks and Z .
Spectrum Generator
The cE 6 SSM mass spectrum is calculated from the input parameters using a spectrum generator first written for [13] where the procedure is described in detail. However here we are constrained by experiment at low energies.
To find solutions consistent with both the high scale universality constraints and this low energy data we evolve between the high and low scales with RGEs 8 and impose EWSB conditions by finding simultaneous solutions to the three quadratic minimisation equations which at tree level are functions of
Since g and g are fixed by experiment and g 1 is then fixed from requiring gauge coupling unification of all four gauge couplings the three constraints mean that we must have three of {m 0 , M 1/2 , A, s, tan β, λ(Q)} as outputs to fix M Z = 91.1876 GeV, and we chose m 0 , M 1/2 and A since the values of tan β and λ(Q) are required at the very outset of the calculation to perform the SUSY RG evolution.
Since the three quadratic equations correspond to one quartic equation we have 4 solutions for the soft masses for each set of input parameters, so our procedure yields between zero and four real solutions for each point. Finally leading one loop contributions to the effective potential are then included iteratively and the spectrum is then determined.
Therefore our input parameters are {λ i (M X ), κ i (M X ), s, tan β}. Since we are interested in constraints coming from squarks and gluinos in the parameter space scans we fix κ 1,2,3 = κ to keep the colored exotics heavy but since the inert Higgsinos and inert Higgs are only weakly produced we left λ 1,2 = 0.1 which is consistent with the previous study of the parameter space where we focussed on lighter scenarios [13] . So here we investigate a subspace of the full model where we have only four free parameters λ = λ 3 , κ, tan β, s.
Having the soft masses as output parameters makes finding iterative solutions including leading tadpole terms trickier than in the MSSM where tan β and M Z can be traded for µ and Bµ. Without knowing the soft masses at the outset the stop masses cannot be estimated initially and starting without the leading one loop contributions in the EWSB iteration can lead to a significant border region in the parameter space where an EWSB condition can be found for the one loop effective potential but missed in the tree level approximation.
To resolve this we perform the parameter space scans over a fine grid (rather than employing more sophisticated random sampling scans) and use the solution from the previous step as an initial guess for the tadpoles in the next step. This approach leads to m 0 − M 1/2 plots where the density of the points varies so some regions are very densely populated, while others are sparsely populated. In addition the lower stability of a routine outputting soft masses from the EWSB conditions and the fact that we have a multiplicity of solutions for the soft masses, leading to folds in the parameter space where obtaining a solution can be dependent on the direction one moves through it, renders the search for solutions a non-trivial task even with a fine grid scan. Due to these issues we also cannot guarantee that we find all potential solutions, however it is clear that certain regions must be excluded for reasons stated in the subsequent text.
The spectrum is then calculated using the expressions presented in [13] . The most important constraints come from the gluino and the Higgs, so we include one loop shifts to pole for gluino mass and leading two loop corrections for the lightest Higgs mass.
Higgs and Gluino contours
In each plot we fix s and tan β then vary λ between −3 and 0 (thus fixing µ eff < 0) and κ between 0 and 3. The restriction to µ eff < 0 is to remove a confusing bifurcation in the gluino contours at large m 0 .
First in light of the exciting progress and effectiveness of the LHC in probing scenarios with multiple TeV scenarios we update Fig. 4 from [13] to show the full range of m 0 −M 1/2 rather than cutting off at around a TeV and also show even very heavy values of s which are not immune to LHC searches and would will certainly be probed by a Higgs mass measurement. In Fig. 1 we plot the allowed values of m 0 − M 1/2 for all the solutions we find for tan β = 10 and fixed values of s = 5, 10, 20, 50, 100 TeV. Since here we are going to use the plots to help us estimate the LHC constraints in the cE 6 SSM and also to match the plot we are updating, we impose only constraints prior to the LHC, which are specified in [13] . Also note in order to match more closely results published by the experimental analyses (where they interpret the search constraints in terms of the cMSSM) we have switched the x and y axes so that M 1/2 now appears on the y-axis and m 0 on the x-axis.
Notice that while increasing s pushes up the lower limit on m 0 (below this the inert Higgs run below their LEP limit and rapidly become tachyonic), and the upper limit on M 1/2 (above which no solution satisfying both EWSB and universality conditions can be found) also increases, low M 1/2 is always possible and is only bounded by the constraints from gauginos (the update of which we will discuss shortly). Therefore squark/gluino searches can always impact part of the parameter space for any value of s albeit an increasing small fraction of the total parameter space as we go up in s.
Note also that in addition to some regions being sparsely populated, the reasons for which are explained above, we also see a significant gap in the plot of allowed solutions for each value of s. Interestingly the solutions for µ eff > 0 (not shown here) although covering a substantially smaller region of the parameter space do tend to cover these gap regions.
Now we want to understand how the squark/gluino searches and Higgs limits constrain the parameter space and where (or if) we can fit the tentative Higgs signal.
In Fig. 2 , the squark and gluino contours are shown (left) beside the Higgs masses (right) for tan β = 10, s = 5 TeV. The squark contours are specifically of the left handed squark mass for the first two generations (it is contours of this squark mass which were plotted on the ATLAS and CMS papers). Both those and the gluino contours are formed by selecting points from the scans where the mass lies in a suitably narrow range such that the width of the contour gives a resolvable line for the scale of the plot. For any given gluino mass we find that squark masses must be substantially heavy.
For example if we take the latest limits on the gluino coming from the LHC which apply in the large m 0 region, which is about 840 GeV as described in section 3.2, then we find no solutions with squarks below 1.8 TeV, rendering the larger limits found for the cMSSM (see Fig. 7a of Ref.
[27]) in the low m 0 region irrelevant. Therefore we conclude that the squark and gluino constraints place a limit on M A substantial region of the parameter space is ruled out by having m h in the range 118.5 − 122.5 GeV (red) and m h < 117.5 GeV (pink). However, in addition to the 118
GeV (grey) gap in the lower mass exclusion, there is still a significant region towards the centre of the plot which is allowed and even where the tentative signal can be matched. This is mainly for Higgs masses of 124 GeV, as 125 GeV only gives a small region and a 126 GeV Higgs cannot be realised for these choices of s and tan β. If we also take into account the new LHC gluino constraints one can see that little of the 124 GeV signal is affected while most of the available space for a 123 GeV Higgs is removed.
However there are still strong constraints on the parameter space coming from the Higgs limits alone, and it is clear one must be careful to apply both of these complimentary constraints in order to understand where the viable regions are.
So while s = 5 TeV has a substantial portion of allowed parameter region which can accommodate the tentative Higgs signal, a measurement of the Higgs mass of 126 GeV, could potentially rule this out. Therefore it is important to consider other slices of our four dimensional parameter space.
In Fig. 3 we increase s to 10 TeV, but keep tan β = 10 and from the left plot we can see that again the squark and gluino search constraints can all be satisfied by a simple cut on M 1/2 at 1 TeV, but now there is a substantially greater proportion of the parameter space which is above this limit since the upper limit on M 1/2 is increasing with s. Additionally, in the right plot, we also see that all masses of the tentative Higgs signal region can be comfortably accommodated and this region fills most of allowed the parameter space that is above the M 1/2 > 1 TeV limit we have set from squark and gluino searches. TeV. Scans are produced with a universal κ coupling varied over {0, 3} and λ 3 over {−3, 0} so that
In Fig. 4 we see that if we increase the singlet VEV further to s = 20 TeV then we are no longer restricted by the lower limits on the Higgs mass, with only a few points having a Higgs mass of 122 GeV, but now there is a substantial region ruled out by the upper limit m h ≥ 127.5 set by CMS. Finally we comment on the tan β dependence of these results. The form of the squark and gluino contours is not substantially modified by changing tan β so we do not reproduce these plots here. However the allowed region of parameter space is dramatically changed, as are the Higgs masses. This is illustrated in Fig. 7 where we plot the allowed region of the parameters space for s = 10 TeV and tan β = 3 (left) and tan β = 30 (right). Here TeV. Scans are produced with a universal κ coupling varied over {0, 3} and λ 3 over {−3, 0} so that TeV. Scans are produced with a universal κ coupling varied over {0, 3} and λ 3 over {−3, 0} so that with a universal κ coupling varied over {0, 3} and λ 3 over {−3, 0} so that µ eff ≤ 0.
Benchmark Points
We have chosen five benchmark points that reproduce a Higgs mass of around 125 GeV, in order to demonstrate significant and interesting features that may arise in the cE 6 SSM.
These benchmarks are given in Table 2 , labelled HBM1 to HBM5 (for Heavy BenchMark). All of these benchmarks evade current experimental constraints, but predict new particle states that may be found at the LHC. They represent a wide selection of different scales for the scalar VEV, with s ranging from 5 TeV up to 100 TeV. As discussed in the last section, low tan β has difficulty reproducing a 125 GeV Higgs boson, while high tan β suffers from a restricted parameter space due to the requirements of correct EWSB, so for all these benchmarks we adopt a medium value of tan β = 10. All benchmarks have a reasonably low value for the mass of the lightest neutralino, which is a consequence of choosing reasonably low values of M 1/2 thereby ensuring a small bino mass within reach of the LHC (in these scenarios, the lightest neutralino is always predominantly a bino). This also means that the gluino stays reasonably light in all these scenarios too (though still above current LHC exclusion). Furthermore, all five benchmarks conform to the condition of Eq. (10) where the lightest inert Higgsino is 10 GeV heavier than the lightest neutralino, thereby giving a correct Dark Matter relic abundance, as discussed in section 4.
HBM1 is an example benchmark with s = 5 TeV and a Higgs mass of 124 GeV. We have lifted the previous degeneracy λ 1 = λ 2 used in our scans over the parameter space, in order to ensure that Eq. (10) is satisfied. However, since varying λ 2 will only effect the mass of the inert Higgs and Higgsinos, this can be done for any point that we found in our scans, yielding an identical spectrum except for the inerts. Consequently, HBM1 may be thought of as one of the points seen in the yellow region of Fig. 2 . Since this is our benchmark with the lowest value of s, it also contains the lightest Z with a mass of 1889 GeV, just a little beyond current LHC bounds and possibly detectable reasonably soon. The rather small value of m 0 results in reasonably light squarks and sleptons that would be observable at the LHC once more luminosity is gathered. Finally, since κ 1,2,3 and allow κ 1,2 to be considerably smaller than κ 3 . This scenario therefore cannot be directly matched to one of the points in our scan of Fig. 3 . Choosing κ 1,2 small pushes down the mass of the exotic D-quarks to 368 GeV, allowing them to be pair produced at the LHC via their QCD coupling. For a detailed discussion of this exotic quark production, see Ref. [15] , where benchmark C contains exotic quarks with a very similar mass.
One may be concerned that such a light mass for an exotic quark is ruled out by the LHC, however as described in section 3.3 the constraints which have so far been presented are not directly applicable to this case and the detailed studies required to determine limits on our exotic quarks have not yet been carried out. These benchmarks are intended to motivate and aid precisely these urgently needed investigations. Additionally since we obtain the light exotic quarks by setting the κ 1,2 couplings to be very small these can be adjusted to raise the mass of the exotic quarks to 1 TeV (corresponds to κ 1,2 ≈ 0.055) without changing the rest of the spectrum by more than ≈ 10%.
We keep these exotic D-quarks relatively light also in HBM3, by keeping the same low value of κ 1,2 . This scenario has a scalar VEV with s = 20 TeV, and one can see that the third generation exotic D-quarks, whose mass is fed by a rather large value of κ 3 , become very heavy, over 15 TeV. In HBM4 our scalar VEV becomes very large indeed, with s = 50 TeV, but maintains reasonably light first and second generation exotic Dquarks, now with 1025 GeV, which should still be within reach of the LHC. This is despite now having a large value for m 0 , and consequently squarks that are way beyond the reach of the LHC.
Finally, we give an example of a benchmark, HBM5, where most of the states are extremely heavy, with s = 100 TeV. Here, we only make two concessions towards a light spectrum: firstly, we keep M 1/2 small, which keeps our two lightest neutralinos and our lightest chargino light, and our gluino relatively light; and secondly, we maintain a small value of λ 1 to provide a light inert Higgsinos that can satisfy Eq. (10) . In this scenario we have returned to degenerate κ i , so this example is one of the green points in Fig. 6 .
Without the small value of κ 1,2 , the exotic D-quarks become extremely heavy (of order 50 TeV) well beyond the search reach of the LHC. However, even for supersymmetric scenarios with s = 100 TeV we may still have new supersymmetric particles to be discovered at the LHC, since the gaugino sector and a few inert Higgs states are still accessible.
Further studies on these benchmarks will be facilitated by the implementation of the E 6 SSM into codes like SARAH [49] and CalcHEP [50] , which are in preparation [51] and also an extension of tools developed for Ref. [47] to include all exotic states in the E 6 SSM.
Conclusions
In this paper we have studied the parameter space of the constrained exceptional supersymmetric standard model (cE 6 relic abundance may be achieved over all the parameter space, assuming a bino-like LSP with a nearby heavier inert Higgsino doublet, about 10 GeV heavier, and decoupled inert singlinos. This scenario will therefore result in conventional gluino decay signatures similar to those of the MSSM in the region of parameter space with lighter gluinos and very heavy squarks and sleptons. This is similar to the focus point of the MSSM, but with the relic abundance here resulting from the nearby inert Higgsinos (about 10 GeV heavier than the bino) which provide the distinguishing phenomenological prediction of the cE 6 SSM in this scenario.
A set of benchmark points with a Higgs near 125 GeV has been provided which exemplifies the above features and in addition highlights other features of phenomenological interest such as exotic D fermions within reach of the LHC. All these benchmarks also exhibit gluinos, winos and binos and inert Higgsinos, within reach of the forthcoming runs of the LHC, providing the exciting possibility of SUSY discovery even for squarks and sleptons outside the range of the LHC. These results show that there is still a vast parameter space of the cE 6 SSM to be explored, with heavier squarks and sleptons and lighter gauginos remaining a firm prediction of the model.
